Abstract-We have developed a miniature ultrasonic lysing system for the rapid release and extraction of Mycobacterium Tuberculosis (MTB) DNA. The prototype consists of two key sections, a disposable plastic manifold that hold sputum slides and a plastic cartridge with five fluidic DNA extraction channels. The MTB vaccine Bacillus Calmette-Guérin (BCG) was used as a simulant for MTB for all the lysing studies. The slide manifold houses up to five individual sputum slides and is processed by a computer to fill and load the cartridges with sputum suspensions from each slide. The plastic cartridge was developed to facilitate acoustic coupling through the bottom interface such that MTB/BCG can be lysed remotely. The disposable cartridge eliminated cross contamination problems and additional cleaning time. Due to the high power density, only 66 mW was required to lyse microliter BCG samples at the same level as the positive control (i.e. boiling for 30 minutes at 95 °C).
I. INTRODUCTION
At present, MTB infects approximately one-third of the world's population [1] . Multi drug-resistant (MDR) strains have also relentlessly developed, reaching epidemic proportions in much of the developing world. Predictably, MDR strains with resistance to second-line antibiotics have now begun to appear. The most worrisome of these strains have acquired resistance to the fluoroquinolones (FQs) and to the injectable drugs defined as extensively drug-resistant (XDR) tuberculosis [2] . Techniques that permit rapid extraction of genomic content of MTB for antibiotic susceptibility testing are very critical for efficacious and timely treatment. Technology is needed to release the cellular contents in a format compatible with sealed nano/microfluidic and point-of-care (POC) devices.
Cellular disruption (i.e. lysis) methods can be classified as physical, chemical, thermal, enzymatic, and ultrasonic where each has their strength depending the biological agent and quantity to be processed [3, 4] . Though most common pathogens can be lysed using chemical agents such as detergents or chaotropic salts or using specialized enzymes, process complexity increases due to the need to remove polymerase chain reaction (PCR) inhibitors. Sonication dramatically reduces the biological processing time since it is chemical-free and known to induce significant pressure variation within fluids [4] .
Ultrasonic disruption of biological cells was discovered to be driven by two mechanisms: formation and collapse of sonically induced bubbles (i.e. cavitation) and shearing [5, 6] . Since that time, large-scale acoustic transducers have proven effective for disrupting cell membranes and spores for DNA analysis [7, 8] . In a typical application, high power ultrasonic transducers are in fluidic contact with the biological agents. Thin film based transducers based on zinc oxide (ZnO) have also proven effective for bacterial spore lysis [9] and mixing [10] . In some applications the inclusion of microbeads or diatomaceous earth dramatically improves lysis, especially in the case of bacterial spores [7] . To increase the power density, acoustic focusing has been used to achieve ultrasonic cavitation and recently demonstrated for tumor cell ablation [11] .
Thin film based ultrasonic transducers typically operate above several hundred megahertz due to the limits of attainable growth thickness. They also have limited lifetime due to thermal effects. In contrast, transducers that are based on single crystal elements are typically limited to center frequencies ~100 MHz since it is difficult to fabricate substrates with thicknesses less than 50 μm. Low frequency horn-type transducers operating in the kilohertz range use substantial drive power ~ 60 W to achieve lysis and require ice-baths to reduce sample damage. Sonication is known to cause excessive heating of the biological sample, suggesting that the cellular disruption mechanism is thermally as well as acoustically driven.
Sandia is a multi-program laboratory operated by Sandia Corporation, a Lockheed Martin Company, for the United States Department of Energy under contract DE-AC04-94AL85000. In this work, a miniature acoustic lysing system was developed to disrupt the cellular membranes of Mycobacterium tuberculosis (MTB). MTB is considered very difficult to lyse due to the presence of a thick layer of lipid primarily comprised of mycolic acid, which resists dehydration and antibiotic activity [12] . The thermal characteristics of the bulk acoustic wave (BAW) transducer were investigated for different flow conditions. Real-time PCR analysis was used to measure the lysing performance of the MTB samples.
II. ANALYSIS

A. Real-Time PCR
RT-PCR was performed using a programmable thermal cycler (Model 9700, Applied BioSystems). Each reaction was in 25 μl that contained 8 μl of DI water, 2.5 μl of 10× PCR buffer without magnesium chloride (Sigma Aldrich), 4 μl of 25 mM MgCl 2 , 2.5 μl ROX reference dye, 2.5 μl of 2.5 mM pre-mixed deoxynucleoside triphosphates, 0.5 μl of 25 μM primers IS1081F2 (5′-AGCCACCCCGAAGCCCTCCTG -3′) and IS1081R2 (5′-GGCCACCGCGGGGAGTTTGTC -3′) (Sigma-Aldrich), 2.5 μl of 100 ng/μl beacon Is1081b (5' -cgcgcaCCAATATGATCGGGTACTCGACtgcgcg -3') (Biosearch Technologies, Inc.), 0.5 μl of 2.5 units/μl of Jumpstart Taq polymerase (Sigma-Aldrich), and 2 μl of DNA sample. The beacon was produced by Biosearch Technologies, Inc. using a synthesis scale of 500 nmol with a 5' modification with FAM and a 3' modification with DABCYL. The reaction mixture was incubated at 95°C for 4 min to activate the Taq polymerase and then subjected to 45 cycles of denaturation (15 s at 95°C), annealing (40 s at 61°C), and extension (30 s at 72°C). Since the experiments involved the use of a beacon rather than a probe, the data was collected during the annealing step rather than the extension step.
B. 1D Transducer Model
This cut of lithium niobate (90°, 90°, 36°) (z, x, z) excites a quasi-longitudinal wave with an electromechanical coupling of k t = 0.49 with an unloaded acoustic velocity of 7340 m/s. Excitation of the two shear modes is negligible. In Fig. 1 the ultrasonic transducer was coupled to a removable microfluidic cartridge (Fig. 1a-b) , which was fabricated from acrylic. The electrical impedance (Z e ) of the transducer was modeled using a 1D transmission line model [13] :
where γ is the propagation constant, Z L is the total impedance loading on the left, Z R is the total impedance loading on the right, ν t is the velocity of the transducer, ρ t is the density of transducer, t t is the thickness of the transducer, C o is the static capacitance of the transducer, k t 2 is the electromechanical coupling constant, and Z e is the acoustic impedance of the transducer. The acoustic attenuation coefficient α was taken to vary with frequency at the n th power as:
where n = 1.5. For electrical loss the complex dielectric constant was defined as:
where δ e is the dielectric loss tangent of the material, ε r is the relative dielectric constant. The internal mechanical losses are:
where V in is the input voltage, R p is internal electrical loss, and P a is the total radiated acoustic power.
C. Finite Element Method (FEM) -Fluid Pressure
The finite element method (FEM) was used to compute the pressure and velocity in the fluid region of the microchannel using Comsol Multiphysics ® . In the fluid region the acoustic waves are governed by the frequencydomain Helmholtz equation:
where p is the acoustic pressure (Pa), ρ f is the fluid density (kg/m 3 ), c f is the complex acoustic velocity (m/s) in the medium, ω is the angular frequency (rad/s), q is a dipole source term (N/m 3 ), and Q is the monopole source term (1/s 2 ). The inclusion of acoustic loss in the fluid region is introduced by allowing the fluid density (ρ f ) and acoustic speed (c f ) to be complex quantities:
where Z f is the complex acoustic impedance (Pa·s/m), α is the attenuation coefficient (1/m). In the absence of damping (i.e. α = 0): ρ f = ρ o and c f = c s . The piezoelectric transducer was excited by application of V = V o to the top surface while the bottom surface had V = 0. Continuity of stresses and displacements were imposed on the internal boundaries of the aluminum heat sink, acrylic, E4110, piezoelectric transducer and fused silica. The motion of the solid regions produces normal acceleration (a) at the interfaces between the fluid and acrylic layer given as:
a n a n n p
(7) couples the motion of the transducer assembly in Fig. 1b into acceleration of the fluid. In turn the fluid pressure produces a load on the acrylic. This load was included since the fluid pressure was significant, stated as:
where p is the pressure in the fluid (Pa), and n x and n y are the normal components at the fluid-structure interfaces. To estimate the force acting on particles in an acoustic standing wave, the acoustic pressure and velocity were substituted into [14] :
where ρ f and c f are the fluid density (kg/m 3 ) and acoustic speed (m/s) in the fluid and ρ s and c s are the particle density (kg/m 3 ) and acoustic speed (m/s) in the particle. Force was computed using:
D. Finite Element Method (FEM) -Thermal Model
To determine whether cell lysis is dominated by an acoustic process or thermally driven, the temperature distribution was computed due to heat produced by the transducers. This was accomplished using Comsol Multiphysics® to couple Navier-Stokes incompressible flow to a convection and conduction model. The fluid flow in the microchannel was described as:
where u is the fluid velocity vector, η is the viscosity, ρ is the density, and p is the pressure. Calculation of the steady state temperature distribution was based on thermal transport of the fluid and the heat loss from the structure. The stationary thermal transport of convection and conduction was modeled using:
where C p is the specific heat capacity (J/kg⋅K), ρ is the density (kg/m 3 ), T is the temperature (K), and Q is a sink or source term (W/m 3 ). For the fully developed laminar flow condition, the following expression was used at the input port: 
where y and z are the position within the channel, y o and z o define the channel inlet, and y 1 and z 1 define the length of the microchannel. At the outlet the heat is removed by convection:
An inward heat flux boundary condition was used for the piezoelectric transducers:
This boundary condition de-coupled the piezoelectric model from the Navier-Stokes thermal transport model, which greatly simplifies the computation. The inward heat flux was computed using (4). Non-slip conditions were assumed at the boundary between the acrylic and fluid: 0 u = (16) The maximum velocity in the microchannel was converted to flow rate using: 
where f is the flow rate in the microchannel, ν fluid is the fluid velocity and A cs is the cross-sectional area of the microchannel.
III. FABRICATION
A. Ultrasonic Transducer
The BAW transducer array was fabricated using Y + 36° lithium niobate (Boston Piezo-Optics Inc), approximately 50 μm thick and 3 mm in diameter (see Fig. 1c ). The gold (Au) electrodes were 2000 Å thick. Electrical connections to the piezoelectric substrates were made by depositing gold electrodes and contact pads onto fused silica substrates (20.5mm x 44.8 mm x 0.5 mm) (see Fig. 2 ). The piezoelectric substrates were first bonded to gold contact pads patterned on the fused silica substrate using a 100 μm thick layer of Epotek 4110 conductive epoxy (Epotek Technology, Billerica, MA). The acoustic parameters of the a) b) , and α = 40.3 dB/m. The placement of the conductive epoxy was controlled by using a 4 mil Mylar masking layer cut using a VersaLaser VLS3.50 system (Universal Laser Systems, Scottsdale, AZ). The E4110 epoxy was cured at 150ºC for 15 min. The transducers were individual bonded and checked for short circuits before the encapsulation procedure. A confinement Mylar mask was cut on the laser and attached directly to the transducer Mylar mask. The backside of each transducer was masked during the encapsulation process using PDMS cylinders (2.5 mm dia., 3 mm height). The encapsulating epoxy was prepared using 5:20 (w/w) mixture of Epotek 301A and Epotek 301B and cured at 60 ºC for 1 hr. After curing, the PDMS cylinders were removed and the region was filled with Epotek 4110 conductive epoxy. An Al heatsink was bonded above the transducers using a 10:1 (w/w) mixture of Epotek 4110A and Epotek 4110B (Epotek Technology, Billerica, MA) conductive epoxy and cured for 15 min at 150ºC (Fig. 2) .
B. Microchannel
The microchannels were formed by cutting sections in thin cell cast acrylic sheets (Techplast coated Products Inc.) using a CO 2 laser. The layers were bonded together using acrylic based solvents (Weld-on #4, IPS Corporation and Acrifix 1S0117, Evonik) under pressure to create water tight seals between the layers.
IV. RESULTS
A. BAW Electrical Response
The 1-D transmission line model was in agreement with the measurement in Fig. 2a . The purpose of the 1D model was to determine the mechanical loss contribution for the 3D FEM thermal study. The energy lost as heat from the transducer was used as an input for the thermal model. The return loss of the transducer was -12 dB at 68 MHz with a 3 dB bandwidth of 15%.
B. Fluid Behavior in the Microchannel
To study the acoustic wave behavior inside the microchannel, a 2D FEM model computed the spatial variation of the pressure and velocity at the resonant frequency shown in Fig. 3 BAW. The electrical port in 2D FEM model was specified by an applied voltage with the other port set as electrical ground. To apply the correct voltage to the input port, the applied power was converted to voltage for a 50 Ohm system. The standing wave pattern had a maximum force of ~ 8 ⋅ 10 -11 N (Fig. 3b) . MTB is a rod shaped (2 μm x 0.4 μm) bacteria, where the calculation used a mean diameter of d p ~ 1 μm to apply (9). The particle was assumed to be much smaller than the acoustic wavelength (i.e. d p << λ f ). In this work, the wavelength in the fluid is λ f = 22 μm. Although this condition is weakly satisfied, the purpose was to estimate the magnitude of the force on the MTB bacteria. Fig. 3b shows that the acoustic pressure and force vary rapidly along the z-axis of the microchannel. The simulation did not capture the effects of cavitation. Though cavitation can contribute to cell lysis, the formation of air bubbles within the microchannel is not desirable since it causes sample loss and impedes fluid flow. Previous studies indicate that cavitation is frequency dependent with a threshold of ~8 · 10 5 W/m 2 at 50 MHz [15] . In comparison, a power input of 200 mW yields power density of 2.6 · 10 4 W/m 2 , which is below the cavitation threshold. Cavitation was not observed at the power levels for the MTB lysis experiments, suggesting that shearing is the dominant acoustic lysing mechanism in Fig. 3 [5] .
C. Thermal Study
In PCR applications nucleic acids are routinely processed at elevated temperatures near boiling (95°C). In some applications, samples are boiled to release DNA for PCR analysis, which requires about 30 minutes to release all the genetic content. In contrast, proteins denature when the temperature exceeds 47°C [16] . To study the temperature rise of the BAW transducer in contact with a microchannel, a surface mountable resistive temperature detector (RTD) was placed near the fluid outlet. The RTD did not restrict fluid flow and was located 1 mm from the outlet. The 3D FEM model de-coupled the heat generated at the transducer from the fluid-thermal transport problem to simplify the analysis. The fluid was modeled as a fully developed laminar flow (13) entering the microchannel. Power loss from the mechanical contribution was inserted into (15) . The fluid velocity used in the model was converted to flow rate using (17). In Fig. 4a the fluid rapidly reaches steady state after passing the first transducer where heat was carried away as it leaves the outlet. Heat was primarily lost to the heat sink bonded to the backside of the transducers and to a lesser extent to the fused silica and adhesive layers (Fig. 1c) . Fig.  4b shows that the flow rate had an impact on the steady state temperature of the fluid at the outlet. Significant temperature rise occurred for the lower flow rates (e.g. 10 μl/min). The temperature of the RTD located near the outlet was measured for case when P loss = 11.1 mW. The measured temperatures tracked with the simulation; however they were about 8 °C less than the model predicted, likely due to the position of the RTD relative to the outlet. Despite this variation, the model provides important insight into the relationship between flow rate and heat generation from the transducers.
D. RT-PCR Analysis
Cellular lysis performance was evaluated using the vaccine, Bacillus Calmette-Guérin (BCG) as a simulant for MTB. Boiling was used as the positive control, since it is believed to release all available DNA. Negative controls used untreated BCG passed through the microchannel. A commercial sonicator (Misonix 3000 System) was used as a secondary control. Its process conditions were 60 W with total operating time of 1 minute alternating 5 seconds on and 3 seconds off with the tubes placed in an ice bath. The BAW transducer array (Fig. 1c) was placed in contact with the microfluidic cartridge (Fig. 5a ) using a fixture which delivered BCG samples over the BAW transducer array. Two delivery methods were used, 1) static -the channel was filled then treated, 2) flow -the sample was treated during flow. RT-PCR computed the mean threshold cycle (C t ) which is inversely related to the amount of target in the sample. It is defined as the number of cycles for the fluorescent signal to exceed the background level. The C t for boiling was used as the positive control and therefore the reference for lysing performance versus input power. The C t values were used to compute lysing performance as 2 , where the boiling method was C t1 and C t2 was the test case.
Untreated samples had 15X less DNA, whereas lysing under static conditions (P t =100 mW), released 3.4X more DNA than the boiling method. The unpaired t-test was used to compare the mean amount of DNA released from boiling against the mean amount from the acoustic group. There was a statically significant difference between boiling 24.930 (0.749) and the untreated BCG samples 28.868 (0.647); t(6) = 7.95, (p=0.0002). For the Misonix bench top sonicator 24.624 (0.412) and boiling 24.930 (0.749), the difference was not statistically significant; t(6)=0.715, (p=0.502).
V. CONCLUSIONS
A miniature acoustic lysing system has been developed to release DNA from MTB and other difficult biological cells that is compatible with nano/microfluidic devices. The pressure and force study determined that the lysing mechanism is based on shearing rather than cavitation. The thermal simulations support the finding that heat plays a significant role in lysis which depends on the flow rate. Lastly, the RT-PCR measurements indicate that static operation at 100 mW released statistically more DNA than boiling.
